During development, many organs, including the kidney, lung and mammary gland, need to branch in a regulated manner to be functional. Multicellular branching involves changes in cell shape, proliferation and migration. Axonal branching, however, is a unicellular process that is mediated by changes in cell shape alone and as such appears very different to multicellular branching. Sprouty (Spry) family members are well-characterised negative regulators of Receptor tyrosine kinase (RTK) signalling. Knockout of Spry1, 2 and 4 in mouse result in branching defects in different organs, indicating an important role of RTK signalling in controlling branching pattern. We report here that Spry3, a previously uncharacterised member of the Spry family plays a role in axonal branching. We found that spry3 is expressed specifically in the trigeminal nerve and in spinal motor and sensory neurons in a Brain-derived neurotrophin factor (BDNF)-dependent manner. Knockdown of Spry3 expression causes an excess of axonal branching in spinal cord motoneurons in vivo. Furthermore, Spry3 inhibits the ability of BDNF to induce filopodia in Xenopus spinal cord neurons. Biochemically, we show that Spry3 represses calcium release downstream of BDNF signalling. Altogether, we have found that Spry3 plays an important role in the regulation of axonal branching of motoneurons in vivo, raising the possibility of unexpected conservation in the involvement of intracellular regulators of RTK signalling in multicellular and unicellular branching.
INTRODUCTION
The establishment of correct neuronal connections, also known as neuronal wiring, is crucial for the function of the nervous system in vertebrates. Axons have to navigate through their environment and interpret extracellular cues in order to find their target cells and make synaptic connections (O'Donnell et al., 2009) . Axon branching allows neurons to establish multiple connections with their target cells, which can be neuronal or non-neuronal. Therefore, axon branching is an essential process for neuronal wiring during the development, repair and plasticity of the nervous system (Acebes and Ferrus, 2000; Navarro, 2009) . Numerous studies have explored the role of extrinsic cues (including netrins, semaphorins and neurotrophins) in the control of neuronal branching (Campbell et al., 2001; Feldner et al., 2007; Marler et al., 2008; Morita et al., 2006; Tang et al., 2004) . By contrast, relatively little is known about the role of intrinsic mechanisms that regulate axonal branching (Goldberg, 2004) .
Brain-derived neurotrophic factor (BDNF) is a signalling molecule involved in multiple aspects of neural development (Reichardt, 2006) . BDNF belongs to the neurotrophin family of extracellular ligands, together with Neurotrophin 3 and 4 (NT3 and NT4) and Nerve growth factor (NGF). Neurotrophins are secreted as pro-proteins and undergo further maturation in the extracellular space (Reichardt, 2006) . Whereas pro-neurotrophins have high affinity for the p75NTR receptor (a member of the tumor necrosis factor family), the mature forms of neurotrophins bind the Receptor tyrosine kinase (RTK) of the Trk subfamily with high affinity. BDNF binds specifically to TrkB, inducing TrkB dimerisation and activation of its kinase activity by transautophosphorylation (Cunningham and Greene, 1998) . Subsequently, TrkB can activate various intracellular pathways, such as the Erk, the PI3K-Akt and the PLC-Ca 2+ pathways (Segal, 2003) . The BDNF-TrkB pathway regulates a variety of cellular responses, including the differentiation and survival of different types of neurons (Barde et al., 1982; Huang and Reichardt, 2001; Xu et al., 2000) , axonal branching and arborisation of specific neuronal subtypes (Cohen-Cory and Fraser, 1995; Huang et al., 2007) , as well as neurite and dendrite outgrowth (Huang and Reichardt, 2001; Xu et al., 2000) . Furthermore, BDNF acts as a guidance cue (Ming et al., 1997; Ming et al., 1999) , modulates synaptic plasticity (Yoshii and Constantine-Paton, 2010) and plays an important role in long-term memory (Minichiello, 2009) . How a single signalling pathway can control so many biological processes is still poorly understood, but it is likely to involve numerous positive-and negative-feedback loops that allow the cell to interpret correctly the signal it receives.
The Sprouty (Spry) proteins form a family of intracellular negative regulators of RTK signalling. Spry was first identified as a negative regulator of FGF signalling in the Drosophila trachea (Hacohen et al., 1998) . Loss-of-function of Spry in Drosophila leads to excess branching of the tracheal system, a phenotype that resembles an FGF gain-of-function phenotype (Hacohen et al., 1998) . Subsequently, four Spry family members (Spry1, 2, 3 and 4) have been identified in vertebrates . They all share a conserved cysteine-rich domain, the spry domain, and a conserved tyrosine residue in the N-terminus (Kim and Bar-Sagi, 2004) . Knockout studies have shown that Spry1, 2 and 4 are involved in numerous developmental processes. The phenotype of the different knockouts is always associated with an excess of RTK signalling (Furthauer et al., 2001; Klein et al., 2006; Shim et al., 2005; Taniguchi et al., 2007; Taniguchi et al., 2009a; Taniguchi et al., 2009b) . Interestingly, downregulation or overexpression of different Spry family members often results in branching defects in different organs. For example, Spry1 knockout causes an increase in ureteric buds in the kidney (Basson et al., 2005; Basson et al., 2006) . Spry4 knockout results in increased branching of peripheral blood vessels of the vascular system, probably because of excessive VEGF signalling (Taniguchi et al., 2009b) . Knockdown of Spry2 expression in murine embryonic lung cells in culture enhances branching morphogenesis (Tefft et al., 1999) . In PC12 cells and cerebellar granule neurons (CGNs), overexpression of Spry2 reduces the number of neurites (Gross et al., 2007; Hanafusa et al., 2002; Sasaki et al., 2001) . However, there is still a lack of evidence to support a role for Spry in axonal branching, as none of the knockouts reported to date shows a defect in the central nervous system. This could be due to some level of redundancy between Spry family members or because another Spry family member might have a role in neuronal branching in vivo.
We report here the role of a previously uncharacterised member of the Spry family, Spry3, during axonal branching morphogenesis. spry3 expression in Xenopus embryos is restricted to the trigeminal nerve and to both sensory and motor neurons in the spinal cord and is dependent on BDNF-TrkB signalling. Loss-of-function experiments in Xenopus embryos show that Spry3 specifically represses the formation of new branches in motoneurons. In Xenopus spinal cord neurons in culture, loss of Spry3 expression causes an excess of axonal filopodia in a BDNF signalling-dependent manner. Furthermore, in mouse cortical neurons, Spry3 overexpression reduces the number of branches induced by BDNF, indicating that Spry3 function might be conserved in mammals. Finally, Spry3 specifically regulates the Ca 2+ pathway downstream of BDNF-TrkB signalling. Altogether, we show that Spry3 is a novel regulator of axonal branching during embryonic development and a negative regulator of calcium signalling downstream of BDNF-TrkB.
MATERIALS AND METHODS
Isolation of spry3 and other constructs X. tropicalis (Xt) spry3 and spry4 were cloned by PCR using genomic DNA, and X. tropicalis trkb using pCMV SPORT6 Trkb as a template with the following oligonucleotides (5Ј to 3Ј): spry3 fwd GGGAATTCATGGATATTTCAACTGCAGATATCC and rev GGCTC -GAGTCATACAGGCTTATCAAAAGGCC; spry4 fwd CGGAATT -CATGGATTCCAGGATTCC and rev GGCTCGAGTCAGA ATGGC -TTCTCTGG; trkb fwd GAATTCATGCGCCTCTG GAAAGGCTCC and rev CTCGAGTTAGCCAAGGATA TCAAGGTATAC. In all cases, the amplified fragment was cloned into pCS2 using EcoRI and XhoI (underlined sequences). To generate HA-tagged constructs, Spry2, Spred1 (Sivak et al., 2005) and Spry3 were subcloned into pFtx11. bdnf was cloned into pCR4.1 after amplification using primers fwd 5Ј-GAATTCA -TGACCATCCTTTTCCTTACTATG-3Ј and rev 5Ј-CTCGAGCTATC -TTCCCCTTTTAATGGTC-3Ј. All constructs were verified by sequencing. For in situ hybridisation, the following constructs were used: pCS107 Hox11L2 (clone TTpA003i09), pCS107 HB9 (clone THdA004g15), pCR2.1 5ЈUTR Spry3, pCR4 Xt BDNF, pCMV SPORT6 Xt TrkB (IMAGE: 7655094), pCS2 Xt Spry4 and pCS107 Xt fgf8b (Lea et al., 2009) . For transfection, the following constructs were used: pCS2 GFP, pCS2 Xt Spry3 and pCS2 Xt TrkB.
Morpholinos, microinjections and inhibitor treatment
The following morpholinos (Gene Tools) were used (5Ј to 3Ј): MO spry3 e1i1 AAGAAGACTCACCTCTGTAAGACTG; MO spry3 i1e2 CTGATGATCCTGCACAATGAGAATA; and MO TrkB CCAGAGGCGCATGGTGGATCTCCGG. MO BDNF and MO control (MOC) were described previously (Huang et al., 2007) . All morpholinos were injected at the 1-cell stage as 17 ng MOS3 (8.5 ng of MO spry3 e1i1 plus 8.5 ng of MO spry3 i1e2), 17 ng MO TrkB and 8.5 ng MO BDNF.
Synthetic mRNA was generated using the Ambion mMessenger Kit according to the manufacturer's instructions. For the animal cap assay, 0.5 ng trkb, 1 ng spred1, 0.1 ng spry2 and 0.4 ng spry3 were injected.
For the inhibition of FGFR, the small chemical inhibitor SU5402 (Calbiochem) was used as previously described (Sivak et al., 2005) . The TrkB inhibitor K252a (Calbiochem) was used at 1 M. The PLC inhibitor U73122 (Calbiochem) was used at 10 and 50 M final concentration.
Cell culture
Spinal cords of stage 20 Xenopus tropicalis embryos were dissected in a Ca 2+ -and Mg
2+
-free solution (115 mM NaCl, 2.5 mM KCl, 10 mM Hepes, 0.5 mM EDTA, pH 7.4). The dissociated spinal neurons and myocytes were transferred into a 50-mm glass-bottom dish (MatTek) coated with 10 g/ml poly-L-lysine and 10 g/ml laminin. The cells were cultured in 50%
Ringer's Solution (115 mM NaCl, 2 mM CaCl 2 , 2.5 mM KCl, 10 mM Hepes, pH 7.4) plus 49% Leibovitz-15 medium (Sigma) and 1% penicillin/streptomycin (Cambrex). The neuron-myocyte cultures were incubated at 23°C for 24 hours before live imaging .
Mouse cortical neurons from embryonic day (E) 16 were isolated and transfected as previously described (Dajas-Bailador et al., 2008) with 2 g Spry3 DNA + GFP DNA or 2 g GFP DNA alone as a control. On day 5, the GFP-positive neurons were assessed for the number of branches projecting from the axon. Cortical neurons stimulated with BDNF were treated at two 24-hour intervals with 100 ng/ml BDNF.
HeLa cells were cultured in DMEM supplemented with 10% fetal calf serum and antibiotics. Individual plasmid DNA constructs were transfected into 60% confluent cells by lipofection (using Lipofectamine 2000, Invitrogen) following the manufacturer's instructions. A total of 1.6 g DNA was transfected per well in a 12-well plate. After 8 hours, the medium was changed to DMEM containing 0.5% serum and incubation continued overnight. The cells were then treated with 100 ng/ml recombinant BDNF for the indicated time before being lysed in Lysis Buffer (150 mM NaCl, 50 mM Tris pH 7.5, 1 mM EDTA/EGTA, 0.5% NP40).
Isolation of RNA and RT-PCR
Total RNA from whole embryos or spinal cord neurons in culture was isolated using Trizol (Invitrogen) according to the manufacturer's instructions. cDNA was generated using SuperScript II reverse transcriptase (Invitrogen) and the PCR was performed using Taq polymerase (Roche) with the following oligonucleotides (5Ј to 3Ј): spry3 fwd TGCTAAGGCAGAGCCACTCTGTC and rev CACCAA -ATGATCATGAGGCCACTC; spry4 fwd GTCACTCATTCGC -TGGGATTTGC and rev GATGAGCGTGGGTTCATGAGG; bdnf fwd CCGAAGACCAAGCCTGAATA and rev GAGTACCATGG -GTCCGAAGA; trkb fwd CCTACTTGCCTTGGTTTGGA and rev CTGGAAAGGATTGCCACCTA. Oligonucleotides for spry1, spry2 (Sivak et al., 2005) odc (Heasman et al., 2000) and -globin (Costa et al., 2008) are described elsewhere.
For real-time PCR, the data for each sample were normalised to the expression level of ribosomal protein L8 (rpl8) and calculated by the 2 -Ct method (Chen et al., 2009) . Real-time RT-PCR analysis was performed using a Chromo4 Real-Time PCR Detector (Bio-Rad). spry3 oligonucleotides were fwd 5Ј-GGGATTATACTCAT TTAA AGC ACC -ATGGAT-3Ј and rev 5Ј-TGGTATGGT CCATCAAGGTACATCT-3Ј; the internal FAM-labelled probe was 5Ј-CAGTCTTACAGAGGATCATC-3Ј (a generous gift from ABI).
Immunoblotting and 45

Ca
2+ efflux assay
The equivalent of ten animal caps, one total embryo or 50 g HeLa cell extract was loaded on SDS-PAGE. The proteins were transferred to a PDVF membrane and stained with the following primary antibodies: antipErk (Sigma, clone YT; 1:10,000), anti-Erk (Cell Signaling; 1:1000), antipAkt (Cell Signaling; 1:1000), anti-Akt (Cell Signaling; 1:1000) and custom anti-Spry3. In all cases, HRP-coupled secondary antibodies (Dako) and the ECL (Pierce) chemiluminescence detection method were used.
Oocytes were isolated and injected with 0.5 ng of trkb and 5 ng of spred1, spry2, spry3 or GFP mRNA. After 48 hours in culture in modified Barth's saline (MBSH) at 16°C, Ca 2+ -efflux assays were performed as described previously (Musci et al., 1990) .
In situ hybridisation, immunofluorescence and imaging
Whole-mount in situ hybridisations and sections were performed essentially as previously described (Harland, 1991; Lea et al., 2009 ). Whole-mount immunofluorescence and imaging were performed as described (Huang et al., 2007) using the following primary antibodies: mouse anti-acetylated -tubulin (Sigma), mouse anti-12/101 (Developmental Studies Hybridoma Bank) and rabbit anti-GFP (Abcam). For sectioning, whole-mount stained embryos were incubated in an acrylamide mixture, consisting of 2.4 ml 40% acrylamide, 0.3 ml 10ϫ PBS and 0.3 ml 2% ammonium persulphate, for 1 to 3 hours and the acrylamide mixture solidified by adding Temed. The blocks were sectioned using a vibratome at 70 m, perpendicular to the orientation of the embryo. The sections were mounted in Mowiol (Polysciences). Motor axonal tracts on acrylamide sections were imaged using an Olympus Fluoview FV1000 confocal microscope. For each embryo, branch points were quantified from eight sections using Imaris software (Bitplane).
For live differential interference contrast (DIC) imaging of spinal cord neurons, an inverted Nikon Eclipse TE2000-E microscope was used. DIC images were taken at a standard rate of one frame every 30 seconds. The neurons were imaged in the culture medium, and at 20 minutes 100 ng/ml BDNF (R&D Systems) was added into the medium. Imaging was continued for another 30 minutes. The images were processed using ImageJ (http://rsb.info.nih.gov/ij) to generate time-lapse movies. Quantitative analysis of the number of filopodia projecting from the neurons was performed manually at a rate of one frame per minute.
Statistical analysis
In all cases, the normal distribution of the dataset was verified before applying Student's t-test (paired or unpaired, as indicated in the figure legend). All tests were two-tailed and the alpha power was always greater than 0.8. The statistical analyses were performed using SigmaStat (v3.0) (Systat Software).
RESULTS
Identification of Xenopus Spry3
To identify Xenopus tropicalis spry3, we used the mouse Spry3 sequence to blast Xenopus tropicalis ESTs. This led to the identification of a partial EST (DT533112.1) encompassing the 5ЈUTR and part of the coding sequence. Given that all spry genes studied so far contain a single coding exon, we used the partial EST to blast the Xenopus tropicalis genome and determined the full coding sequence of Xenopus Spry3 (GenBank accession number GU180240, ref. seq. NM_001170509). We subsequently constructed a phylogram tree of the protein sequences of Spry family members from Xenopus, mouse and zebrafish using ClustalW2 (http://www.ebi.ac.uk/Tools/clustalw2/index.html) to confirm that the sequence we identified is that of the Xenopus orthologue of Spry3 (Fig. 1A) . Comparison of Spry3 protein sequence from mouse, Xenopus and zebrafish (Fig. 1B) shows that Spry3 exhibits 54.6% homology between the Xenopus and zebrafish sequences, 58.7% homology between the Xenopus and mouse sequences and 53% homology between the zebrafish and mouse sequences. The homology is higher in the conserved cysteine-rich C-terminal spry domain, where Xenopus and zebrafish share 66.4% similarity, Xenopus and mouse share 72.7% similarity and zebrafish and mouse 65% similarity.
Characterisation of spry3 expression in Xenopus
To investigate the role of Spry3 during development, we first compared the temporal pattern of expression of the four Xenopus spry genes by RT-PCR. As we previously reported, expression of spry1 and spry2 peaks at gastrulation (stage 10 and 10.5, Fig. 2A ) (Sivak et al., 2005) . Whereas spry2 expression remained at a low level after gastrulation, spry1 expression peaked again at stages 19-23. By contrast, spry3 was first expressed at stage 12.5, and its expression increased as development proceeded. Spry4 was expressed at low levels during gastrulation and then its expression steadily increased ( Fig. 2A) .
We then investigated the spatial pattern of expression of the four spry family members in stage 28 Xenopus embryos. spry1, spry2 and spry4 had a very similar pattern of expression. They were expressed in the forebrain, midbrain-hindbrain boundary, branchial arches and the tailbud (Fig. 2B) . However, spry3 was expressed specifically in the spinal cord and the trigeminal nerve (Fig. 2B) . We then performed a more detailed analysis of spry3 expression during Xenopus development (Fig. 2C) . We could not detect any spry3 transcript at gastrula stage, in agreement with our RT-PCR data. At early neurula stage (stage 15), spry3 was expressed at low 4007 RESEARCH ARTICLE Role of Sprouty3 in axonal branching . Asterisk, identical residues; colon, conserved residues; dot, semi-conserved residues. The conserved Spry domain is highlighted in yellow. levels in the neural plate, whereas its expression was restricted to the trigeminal nerve and spinal cord after neural tube closure (stages 23-45, Fig. 2C ). To investigate further the expression pattern of spry3 in the spinal cord, stage 28 embryos stained for spry3 were sectioned at the mid-trunk level (at the level of the black bar in Fig. 2C ). We found that spry3 is expressed in two ventral and two dorsal domains in the spinal cord (Fig. 2D) . The ventral expression domain overlaps with that of hb9 (a motoneuron marker) (Saha et al., 1997) , whereas the dorsal expression domain overlaps with that of hox11L2 (a sensory neuron marker) (Patterson and Krieg, 1999) , showing that spry3 is expressed in spinal motor and sensory neurons (Fig. 2D) .
Altogether, these data show that spry3 has a pattern of expression that is distinct from that of the other spry family members, suggesting that it has a specific role during neural development.
Role of Spry3 during neuronal development
Having established that spry3 is expressed in neuronal cells during embryogenesis, we next examined its function using a morpholino-based knockdown approach. We designed two morpholinos that target the splice donor and splice acceptor site of the unique intron in spry3, and their efficacy was assessed by RT-PCR (see Fig. S1A in the supplementary material). The best knockdown was observed using a combination of MO e1i1 and MO i1e2 (referred to hereafter as MOS3). Because spry3 is expressed specifically in neuronal cells, we tested whether Spry3 plays a role in motor axon development. We compared the organisation of the motor axonal tracts in control and Spry3 morphant embryos, using an antibody directed against acetylated -tubulin, which specifically recognises differentiated neurons and ciliated cells. Confocal imaging of the whole-mount morphant embryos showed that the axonal tracts of the motoneurons were disorganised when Spry3 expression was knocked down from stage 28 (early tadpole) to stage 40 ( Fig. 3A; see Fig. S1B in the supplementary material) . To exclude a possible defect in muscle formation, we stained control embryos and Spry3 morphant embryos with a muscle-specific antibody (12-101). We could not detect any difference between control morpholino (MOC)-and MOS3-injected embryos (data not shown). We also quantified the number of differentiating neurons in embryos injected with MOC and MOS3 using an anti-Myt1 (Myelin transcription factor 1) antibody and did not observe any difference (data not shown).
To understand why the axonal tracts were disorganised, embryos stained with acetylated -tubulin antibody were sectioned and imaged using confocal microscopy (Fig. 3A , lower panels). The axonal tracts were then reconstituted using the Imaris software and the number of branch points was quantified in each sample. The loss of Spry3 function increased axonal branching by 35% (P0.004, Fig. 3B ).
To further characterise the phenotype caused by Spry3 loss of function, we labelled single motoneurons from control embryos and MOS3 embryos (Fig. 3C) . We injected MOC and MOS3 at the 1-cell stage and then injected a plasmid that drives the expression of a fusion of Tau (which binds to microtubules) with GFP from the NBT promoter (NBT-GFP) (Bronchain et al., 1999) in the D1.2 blastomere at the 16-cell stage. The embryos were fixed and stained with an anti-GFP antibody and single neurons imaged by confocal microscopy. As previously shown by staining of the whole motor axonal tract, single MOS3 neurons displayed more branches (neurons per 100 m of axon: 5.6 for control versus 9 for MOS3; P0.02). We also quantified the total length of neurons and found that MOS3 neurons are shorter than control neurons (143 m compared with 105 m; P0.009).
spry3 expression depends on BDNF-TrkB Spry family members are often involved in a negative-feedback loop, i.e. their expression is dependent on the signalling pathway that they regulate (Kim and Bar-Sagi, 2004) . Indeed, spry1, spry2 and spry4 have all been shown to be negative regulators of FGF
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Development 137 (23) signalling during embryogenesis (Furthauer et al., 2001; Komisarczuk et al., 2008; Sivak et al., 2005; Taniguchi et al., 2007) , and their pattern of expression is similar to that of fgf8 (see Fig. S2A in the supplementary material). Furthermore, downregulation of FGF signalling with the FGFR inhibitor SU5402 inhibits spry1, spry2 and spry4, but not spry3, expression (see Fig. S2B in the supplementary material). This suggests that spry3 might be involved in the regulation of another signalling pathway. We observed that spry3 belongs to a synexpression group comprising bdnf and trkb (Fig. 4A) (Islam et al., 1996) . We therefore tested whether spry3 expression is dependent on BDNF-TrkB signalling. We knocked down BDNF and TrkB expression using antisense morpholinos and isolated total RNA from whole embryos or dissected neural tubes at stage 26. We then assessed spry3 expression using real-time PCR. We observed a strong reduction of spry3 expression, both in whole Xenopus embryos and in isolated neural tubes (Fig. 4B) . This indicates that spry3 expression is indeed dependent on BDNF-TrkB signalling. We confirmed these results by knocking down BDNF or TrkB expression using antisense morpholinos and performing in situ hybridisation for spry3 (Fig. 4C) . spry3 expression was reduced in 74% of BDNF morphants (n27) and in 83.3% of TrkB morphants (n24).
Altogether, these data show that spry3 expression depends on BDNF-TrkB but not FGF, suggesting that Spry3 might regulate BDNF signalling.
Spry3 reduces Erk activation and inhibits calcium signalling downstream of BDNF-TrkB
To establish whether Spry3 is a negative regulator of TrkB signalling, we investigated whether Spry3 affects TrkB-dependent activation of intracellular signalling pathways. TrkB is a tyrosine kinase-type receptor and can activate multiple intracellular signalling pathways, including the Erk, PI3K-Akt and PLC-Ca 2+ pathways (Segal, 2003) . To determine whether Spry3 is able to regulate the Erk pathway downstream of TrkB, we injected mRNA encoding TrkB together with GFP, Spry2, Spry3 or Spred1 into fertilised eggs. At blastula stage (stage 8), we dissected the animal cap and stimulated the cells with recombinant BDNF. When animal cap cells express TrkB, BDNF treatment induces a very strong activation of Erk as detected by an anti-pErk antibody (Fig. 5A ). This activation was completely abolished when Spred1 was co-expressed, but only reduced in the presence of Spry2 or Spry3. This was despite the fact that Spry2 and Spry3 were expressed at higher levels than Spred1 (Fig. 5A, lower panel) . Therefore, Spry3 is only a weak inhibitor of Erk downstream of BDNF-TrkB signalling.
To address whether Spry3 could prevent calcium release downstream of TrkB, we used an oocyte-based calcium assay (Nutt et al., 2001 (right) . The data are expressed as the mean ± s.e.m. of three independent experiments (n19 neurons for MOC and n24 neurons for MOS3). In all cases, statistical significance was determined using an unpaired Student's t-test; *P0.02, **P0.009, ***P0.004. recombinant BDNF. In oocytes expressing TrkB and GFP, this resulted in the rapid release of calcium from intracellular stores to the extracellular medium (Fig. 5B) . However, co-expression of either Spry2 or Spry3 caused a complete inhibition of calcium release, indicating that Spry can efficiently inhibit calcium signalling downstream of TrkB. Furthermore, the TrkB-dependent calcium release requires PLC activity, as release was blocked with the PLC inhibitor U73122 (see Fig. S3 in the supplementary material) (Sato et al., 2000) , suggesting that Spry3 inhibits PLC-dependent calcium release.
Because TrkB does not induce activation of Akt in animal caps (data not shown), we tested whether Spry3 affects the Akt pathway using transient transfection of HeLa cells (Fig. 4C) . HeLa cells were transfected with GFP, Spry3, TrkB plus GFP, or TrkB plus Spry3. BDNF treatment of GFP-or Spry3-expressing cells did not result in Erk or Akt activation. However, TrkB-expressing cells activated both Erk and Akt after 5 minutes of BDNF stimulation. Co-expression of Spry3 together with TrkB did not alter the activation of Erk and Akt, indicating that Spry3 does not inhibit these intracellular signalling pathways (Fig. 5C ). 
Spry3 regulates BDNF-induced filopodia in spinal cord neurons
The data described above show that Spry3 inhibits axonal branching in motoneurons in vivo and inhibits calcium release downstream of BDNF-TrkB signalling. To test whether Spry3 regulates axonal morphogenesis downstream of BDNF, we employed spinal cord neurons in culture. It has been shown previously that BDNF-TrkB signalling induces an increase in lamellipodia/filopodia activity in Xenopus spinal cord neurons in culture (Gibney and Zheng, 2003; Ming et al., 1997 ). Therefore, we tested whether Spry3 acts downstream of the BDNF-TrkB pathway by measuring the filopodia/lamellipodia activity of spinal cord neurons when Spry3 expression is knocked down.
Neural tubes of embryos injected with MOC or MOS3 were dissected, dissociated and plated as previously described . After 24 hours in culture, neurons were live imaged using DIC time-lapse microscopy, for 20 minutes before and 30 minutes after BDNF stimulation ( Fig. 6A ; see Movies 1 and 2 in the supplementary material). As previously reported, we observed an increased number of filopodia in the control neurons after BDNF treatment (from 6.4±0.17 to 7.8±0.36 per 100 m axon length; P0.01; Fig. 6B ) (Ming et al., 1997) . Surprisingly, neurons from MOS3 experimental embryos displayed a higher number of filopodia even before BDNF treatment (8.8±0.18, P0.001), corresponding to an increase of 27% in the number of filopodia compared with control neurons. This could be due to autocrine or paracrine BDNF signalling, as bdnf, trkb and spry3 are all expressed in spinal cord cultures (see Fig. S4 in the supplementary material). In the absence of Spry3, BDNF treatment induced only a modest increase in the number of filopodia (9.7±0.11, P0.004). In effect, BDNF stimulation gave an 18% increase in the number of filopodia in control neurons and this was reduced to a 10% increase when Spry3 was knocked down.
This result suggests that Spry3 inhibits the formation of filopodia in spinal cord neurons. To address whether this is due to negative regulation of BDNF signalling, we performed an epistatic experiment in which we inhibited TrkB activation using a chemical inhibitor (K252a) and asked whether the presence or absence of Spry3 affects filopodia formation (Fig. 6C) . We counted the number of new filopodia appearing each minute for 15 minutes before and after K252a treatment. In the absence of K252a, there was a significant difference in the number of new filopodia between control and MOS3 axons (new filopodia per 100 m of axon: 0.91 in the control versus 1.41 in MOS3; P0.04). Treatment of axons with K252a reduced the number of new filopodia in both cases (from 0.91 to 0.41 in control, P0.006; and from 1.41 to 0.57 in MOS3 neurons, P0.001). However, the difference between control and MOS3 axons treated with K252a is not significant (0.41 in control and 0.57 in MOS3, P0.41). These results indicate that the excess of filopodia observed in MOS3 axons is dependent on BDNF-TrkB signalling.
Spry3 regulates axon branch formation in mouse cortical neurons
The previous experiments show that loss of function of Spry3 increases filopodia formation in axons. To determine whether the converse was also true, we transfected mouse cortical neurons in
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Development 137 (23) TrkB) or with a control morpholino (MOC). spry3 expression was assessed by real-time PCR using rpl8 as a reference. Knocking down bdnf and trkb results in a significant decrease in spry3 expression (*P<0.005, using a statistical ANOVA test). Error bars indicate mean ± s.e.m. (C)Xenopus embryos were injected at the 1-cell stage with MO BDNF, MO TrkB or MOC, fixed at stage 28 and processed for whole-mount in situ hybridisation using a probe specific for spry3. Embryos are scored as normal/weak when spry3 expression is detected both in the trigeminal nerve and the spinal cord, as medium when spry3 expression is only partially detected in the spinal cord and as strong when no expression of spry3 is detected. The percentage of affected embryos is indicated in each case.
culture with GFP alone (control) or together with Spry3 (Fig. 7A) . As mouse cortical neurons do not express endogenous Spry3 (data not shown), this allowed us to test its role in BDNF-induced axonal branching. Spry3 overexpression significantly increased the percentage of neurons with no axon branching, as well as reducing the percentage of neurons with more than four branches (Fig. 7B) . Importantly, we quantified the mean length of the axons as previously described (Dajas-Bailador et al., 2008) and did not detect any difference upon overexpression of Spry3 (Fig. 7C) . We also tested whether Spry3 could regulate BDNF-induced branching in this system (Fig. 7D) . Treatment of mouse cortical neurons with BDNF increased the proportion of neurons with more than five branches (from 10% to 25%, Fig. 7D ). However, this effect was reversed by the expression of Spry3, indicating that Spry3 can prevent BDNF-induced branches. These data show that Spry3 regulates axon branching and indicate that this function might be conserved in mammals.
Altogether, our results show that Spry3 inhibits branching of motoneurons in vivo and the ability of BDNF-TrkB to induce filopodia in neurons in culture. Together with our biochemical data showing that Spry3 inhibits calcium release downstream of TrkB signalling, we propose a model whereby BDNF induces filopodia and branching in a calcium-dependent manner that can be inhibited by Spry3 (Fig. 8) .
DISCUSSION
Spry family members have been shown to play a crucial role in branching morphogenesis in a variety of organs and systems, including the kidney, lung and vascular system (Horowitz and Simons, 2008) . Here, the function of Spry3 during development is reported for the first time. We found that Spry3 is expressed in the trigeminal nerve, as well as in spinal motor and sensory neurons. Furthermore, we provide evidence that spry3 is a BDNF-TrkBdependent gene. At the molecular level, Spry3 reduces Erk activation and inhibits calcium signalling in response to TrkB activation. We also found that Spry3 regulates axon branching in vivo and prevents BDNF-induced filopodia formation in spinal neurons in culture. Hence, we propose that Spry3 acts downstream of BDNF-TrkB in a negative-feedback loop to regulate axon branching in spinal motoneurons by inhibiting calcium signalling.
Regulation of branching morphogenesis by Spry proteins
Inactivation of Spry function leads to defects in branching morphogenesis in a variety of organisms and organs (Horowitz and Simons, 2008) . Despite all the data reported on Spry function, the molecular mechanisms by which Spry family members regulate branching are still unclear. In mammalian tissue culture systems, Spry proteins have been shown to inhibit Erk activation downstream of a plethora of growth factors, including FGF, VEGF-A, BDNF and GDNF (Cabrita and Christofori, 2008; Gross et al., 2007; Impagnatiello et al., 2001; Ishida et al., 2007; Taniguchi et al., 2009a) . In Xenopus embryos, we have shown that Spry1 and Spry2 inhibit the Ca 2+ pathway downstream of FGF (Nutt et al., 2001; Sivak et al., 2005) . Furthermore, Spry4 inhibits Ca 2+ release and activation of PKC-dependent pathways downstream of VEGF-A in human embryonic kidney cells. Interestingly, Spry4 inhibits activation of Erk downstream of VEGF-A, which is PKC 4011 RESEARCH ARTICLE Role of Sprouty3 in axonal branching dependent, but not downstream of VEGF-C, which is Ras dependent (Ayada et al., 2009 ). This suggests that Spry4 most likely acts via the PLC-Ca ++ and not the Ras pathway, leading to both inhibition of Ca 2+ mobilisation and inhibition of Erk activation via PKC. It has also recently been shown that murine Spry1 and Spry2 can bind PLC thereby inhibiting the production of IP3 and calcium release in NIH3T3 cells, and that they regulate PLC activity in T cells (Akbulut et al., 2010) . Together with our data, these studies suggest that regulation of the PLC-Ca 2+ pathway by Spry proteins plays important roles in various biological contexts.
Spry3 is present in all vertebrate genomes analysed so far, but nothing has been reported on its function. Here, we show for the first time that Spry3 knockdown increases branching in peripheral motor axons in vivo and increases lamellipodia/filopodia activity in Xenopus spinal cord cultures. At the molecular level, we show that Spry3 inhibits the Ca 2+ pathway in response to BDNF.
Furthermore, we found that Spry3 reduces Erk activation downstream of BDNF, although its inhibitory action is not as strong as that of Spred1. Whether the reduction in activated Erk we observed in the presence of Spry3 is due to the inhibition of PLC (as is the case for Spry4 downstream of VEGF-A) or reflects direct inhibition of the Erk pathway is not known. Importantly, Spry3 does not inhibit Erk activation in a mammalian cell line, showing that this result is not a peculiarity of Xenopus cells.
Intrinsic versus extrinsic regulation of axonal branching
Although there are numerous studies supporting a role for extrinsic factors in axon branching (Campbell et al., 2001; Feldner et al., 2007; Marler et al., 2008; Morita et al., 2006; Tang et al., 2004) , the intracellular components that regulate axon branching remain poorly understood. Neurons from MOC and MOS3 embryos were imaged 15 minutes before and 15 minutes after treatment with the TrkB inhibitor K252a. The number of new filopodia was determined by comparison with the preceding frame. The number of new filopodia per 100m of axon per minute is shown. MOC, n20; MOS3, n22; mean ± s.e.m. from three independent experiments. In B and C, statistical significance was determined using a two-tailed Student's t-test (paired when comparing the same neurons before and after treatment, unpaired when comparing different population of neurons); *P0.01, **P0.04, ***P0.001. Shown is the percentage of neurons (mean ± s.e.m.) with five or more branches from three independent experiments (n129 for control, n114 for BDNF treated and n87 for BDNF+Spry). In B and C, statistical significance was determined using a paired Student's t-test; *P0.05, **P0.01, ***P0.001.
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In cultured hippocampal neurons, BDNF can induce neurite outgrowth by inhibiting the protease Calpain. The inhibition of Calpain presumably stabilises Cortactin, which is necessary for the initial sprouting of filopodia (Mingorance-Le Meur and O'Connor, 2009) . Although Calpain is known to be regulated by calcium, in hippocampal neurons it has been shown to be inhibited by PKA downstream of BDNF (Mingorance-Le Meur and O'Connor, 2009) . Interestingly, Calpain is also expressed in the Xenopus spinal cord and its activity is regulated by calcium transients . It has also recently been shown that Nedd4, an E3 ubiquitin ligase, is necessary to turn off PTEN, causing an increase in PI3K signalling and inducing axon branching in Xenopus retinal ganglion cells (Drinjakovic et al., 2010) . In a concomitant paper, the knockout of Nedd4-1 in mice showed that Nedd4 is necessary for dendrite arborisation and neurite growth (Kawabe et al., 2010) . Together, these papers reveal a new intracellular pathway involving ubiquitylation of specific proteins to control neurite outgrowth. How the activity of Nedd4 is regulated remains unclear.
Here, we have identified a new signalling regulator, Spry3, as an intrinsic factor that controls axon branching. Since Spry3 inhibits Ca 2+ release, it is likely that Spry3 inhibits axon branching by inhibiting calcium signalling. In support of this hypothesis it has been shown that Netrin1 promotes axon branching by inducing repetitive high-frequency Ca 2+ transients, which occur locally in axonal regions and coincide spatially with the formation of new filopodia that develop into branches. Importantly, these Ca 2+ transients are necessary for the elaboration of branches in response to Netrin1 (Tang and Kalil, 2005) . Moreover, in Xenopus retinal ganglion cells that arborise in the optic tectum, new axon branches arise from sites with locally increased intracellular Ca 2+ concentration (Edwards and Cline, 1999) . Additional reports show that increased intracellular Ca 2+ concentration induces the projection of filopodia from both growth cones (Davenport and Kater, 1992) and axons (Lau et al., 1999) , consistent with our finding that Spry3 knockdown increases the number of filopodia projecting from the axon shaft. Therefore, our data showing that Spry3 inhibits Ca 2+ release in oocytes are consistent with the role attributed to calcium signalling in the induction of filopodia and axon branching.
Role of BDNF-TrkB signalling in motoneurons
In mouse, Trkb (Ntrk2) and its ligands Bdnf and NT4 (Ntf5) are all expressed in motoneurons (Henderson et al., 1993) . Furthermore, BDNF and NT4 have been shown to promote the survival of rat embryonic motoneurons in culture (Henderson et al., 1993) and BDNF can also promote the formation of neuromuscular synapses (Lohof et al., 1993) . However, Trkb knockout results only in a reduction of motoneurons (~35%) and Bdnf -/-mice do not exhibit a loss of motoneurons (Ernfors et al., 1994; Jones et al., 1994; Klein et al., 1993; Snider, 1994) , suggesting a role for BDNF-TrkB signalling other than in survival. Interestingly, BDNF has been shown to be important for the survival of sensory neurons and the trigeminal nerve in mouse (Liu and Jaenisch, 2000) , cell types that also express spry3 in Xenopus. The role of Spry3 in other neuronal populations will need to be elucidated in the future.
In Xenopus, knockdown of BDNF expression using morpholinos causes a complete loss of motor axon extension from the spinal cord (K.D., Jeff K. Huang and E.A., unpublished) , suggesting that BDNF-TrkB signalling is required for the normal development of motoneurons in Xenopus. It is also known that BDNF induces an increase in filopodia/lamellipodia activity in spinal cord neurons in culture (Gibney and Zheng, 2003; Ming et al., 1997) . In vivo, motoneurons need to extend their axons a considerable distance before starting to innervate their target organs. Although extrinsic clues have been shown to play a role in preventing early branching of motoneurons (Feldner et al., 2007) , we show here that a target gene of BDNF-TrkB signalling, Spry3, is also important. How spry3 expression is regulated is unknown, but our data indicate that neurons will respond differently to BDNF depending on whether or not they express Spry3. Interestingly, it has recently been shown that gradual and acute stimulation of neurons with BDNF lead to the expression of different genes (Ji et al., 2010) . Whether spry3 expression is regulated in a dose-dependent manner will require further investigation.
In conclusion, we have shown that Spry3 inhibits axon branching in vivo and negatively regulates signalling downstream of BDNF-TrkB. Furthermore, Spry3 prevents the induction of BDNF-induced filopodia in spinal cord neurons and BDNFinduced branching in cortical neurons in culture. Because calcium signalling has been shown to induce branching, and Spry3 inhibits calcium release downstream of BDNF-TrkB signalling, we propose that Spry3 is turned on by BDNF in a feedback loop to repress calcium signalling and hence branching, thereby fine-tuning RTK signalling and avoiding excessive axon branch formation. It will be interesting to investigate whether this mechanism is also present in branched multicellular organs. 
